Colour cues that are not directly attached to the body of males do not influence the mate choice of Zebra Finches by Krause, E. Tobias 
RESEARCH ARTICLE
Colour Cues That Are Not Directly Attached to
the Body of Males Do Not Influence the Mate
Choice of Zebra Finches
E. Tobias Krause1,2*
1 Department of Animal Behaviour, Bielefeld University, Konsequenz 45, Bielefeld, Germany, 2 Institute of
Animal Welfare and Animal Husbandry, Friedrich-Loeffler-Institut, Do¨rnbergstr. 25–27, Germany
* tobias.krause@fli.de
Abstract
Mate choice decisions of female zebra finches are generally thought to rely on the assess-
ment of male quality, which includes the specific ornamentation of males. A commonly used
paradigm to experimentally manipulate a male’s attractiveness is to add a coloured leg ring
to the bird. Some studies have shown that female zebra finches prefer or alter their invest-
ment in males that have an additional red leg ring compared with males with green leg rings.
Whether the coloured artificial ornaments need to be attached to the male’s body or whether
environmental colouration could have a similar effect on male attractiveness remains
unclear. Here, I investigated this novel context to determine whether female choice between
males is affected by environmental colour cues that are not directly attached to the male’s
body in four experiments involving 220 zebra finches (Taeniopygia guttata).
A first experiment revealed that females chose males with red colour cues in the environ-
mental background over males with green cues in the background. Based on this finding, I
conducted follow-up experiments to obtain a deeper understanding of how environmental
colour cues affect mate choice. Therefore, I examined whether female choice behaviour or
male behaviour was altered in two additional experiments. Both experiments failed to show
any effects of environmental colour cues on female choice or on male behaviour. Therefore,
I replicated the initial experiment in a fourth experiment. Again replication failed; thus, the ini-
tial results indicating that environmental colouration affects mate choice behaviour of female
zebra finches were not supported by the three subsequent experiments; thus, the outcome
of the first experiment seems to be a false positive. Taking my results together, I found no
robust support for the idea that environmental colour cues that are not directly attached to
the body of male zebra finches affect female mate choice decisions.
Background
Zebra finches are highly social Australian songbirds that form lifelong monogamous pairs [1]
with low extra-pair paternity in natural settings, i.e., less than 2% of chicks [2]. Both partners,
to a certain extent, perform courtship displays, which include courtship dances by both sexes
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[3,4], songs by the males (reviewed in [5]), and male-specific visual coloured ornaments.
These male-specific visual ornaments consist of cheek patches [1,3], flank colouration and
breast stripes [1,3]. Furthermore, beak colouration is usually more intense in males than in
females and also appears to contributes to male attractiveness (e.g., [6,7]).
Choosing a mate with attributes that signal a high probability of high-quality offspring
might be beneficial to females because, under natural conditions, as the mate remains for sev-
eral breeding attempts [1] and sires the majority of the offspring [2]. Female zebra finches are
thought to make their mate choice decision on the basis of these visual and acoustic courtship
displays (e.g., [8–11]), while probably also taking olfactory stimuli into account (e.g., [12]).
This role of sexually attractive ornaments on males and a female’s preference for these orna-
ments have often been utilized to experimentally manipulate mate attractiveness to either
obtain a mechanistic understanding of the role of ornaments in mate choice (e.g., [3,13]) or to
increase or decrease the attractiveness of individuals (e.g., [14]). For example, male ornaments
have been manipulated using dummy birds equipped with different combinations/alternatives
of male ornaments [3] to understand the relative importance of different sexual ornamenta-
tions. Artificially coloured feathers have been attached to birds [13,15] to study mechanisms of
sexual imprinting. Songs have been modified in single traits and tested in playback experi-
ments to determine which motif traits are preferred by females (e.g., [16]).
However, the most common technique for manipulating mate attractiveness has been the
addition of coloured leg bands (red = more attractive; green = less attractive). A study in 1981
[17] showed that these bands lead to a shift in the sex ratio, i.e., red-banded males sire more
male offspring [17]. Although this study was immediately criticized for several reasons, e.g.,
aspects of the study design and data analysis [18,19], the paradigm was thereafter repeatedly
used in different contexts. The initial sex-ratio effects [17] have been confirmed in other stud-
ies (e.g., [20]), whereas other studies failed to support this finding (e.g., [21]) or yielded equivo-
cal results [22].
Other positive effects of leg band colour have been described for the amount of yolk testos-
terone; increased testosterone supplementation of eggs by females was observed when females
paired with a red-ringed male [23]. However, other studies again failed to confirm these effects
[21]. In addition, in some studies, red rings have been observed to increase the male courtship
rate [24], whereas other studies failed to support this finding [25]. Common preference tests,
e.g., choice chambers, also support the positive effects of red rings on mate attractiveness (e.g.,
[14,26,27]), but again another study failed to support these observations [28].
Thus, the many positive reports on the effects of colour rings on sex ratio, maternal invest-
ment, courtship and mate preferences have been countered by contradictory reports. This
method of manipulating attractiveness by adding leg rings as artificial ornaments is often
considered a useful tool for experimental purposes, despite occasional published studies with
contrary findings. Artificial ornaments that are added to the male body are thus tools for
manipulating a male’s attractiveness. I make use here of the general idea of colourful artificial
ornaments and expand this idea into a novel context. Little is known about whether female
choice is also influenced by artificial colour ornaments that are not directly attached to a
male’s body but are located in his vicinity in the environment; thus, I tested this novel context
in preference tests. There is no evidence that zebra finches employ ornaments not attached to
the body. However, other sympatrically occurring Estrildid finches, such as diamond firetails
(Stagonopleura guttata), make use of items in the environment (i.e., grass stems) by carrying
these items in their beaks during courting (e.g., [29]).
Evaluating whether males benefit from courting in a specific environment with a certain
colouration that may increase their attractiveness as perceived by females could potentially
provide interesting new insights on mate preference and attractiveness in zebra finches and
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how artificial coloured ornaments might generally increase attractiveness, regardless of
whether they are attached to the male body.
Here, I employed preference tests to determine whether such artificial colour ornaments
that are not directly attached to the male influence the mate choice of zebra finches. I hypothe-
sized that females would chose males in environments with attractive colour cues (red) more
often than males in less attractive environments, with green colour cues.
Methods
Experiments were conducted at Bielefeld University, Germany with a total of 220 individual
zebra finches, which were distributed over 4 experiments. Several weeks before the beginning
of each experiment, the birds were transferred from aviaries to cages (83 × 30 cm and 40 cm
high), each containing up to four individuals of one sex. Seed food and water were provided ad
libitum, and germinated seeds plus egg food were provided thrice weekly. During the tests,
seeds were provided at a neutral position. All birds had breeding experience and had no prior
exposure to the colour stimuli used in the experiments. The birds were ringed with numbered
plastic rings (white, grey or black).
Experiment 1
Sixty birds (20 females, 40 males) were assigned to twenty distinct trios, each including one
female and two males. Females were individually tested for 20 minutes in a dual mate choice
set up. In this setup, the female could decide to perch in a neutral zone or on one of two
perches that each faced one of the males. Each male was placed in a separate cage with an envi-
ronmental background that was supplemented with either green or red colour cues (diameter
of 10 cm) behind the male (Fig 1A). The males were visually separated from each other. Colony
noise was present during testing to reduce the birds’ anxiety and to increase the overall level of
activity. Five minutes before the experiment, all of the subjects were placed in the cages; during
this time, the female was visually separated from both males. Thereafter, the visual separation
was removed, and the first ten minutes of the experiment were performed. Then, the coloured
cues in the male cages were exchanged between the two sides, while the males remained. After
another five-minute break, the experiment was conducted for a second ten-minute period.
Experiment 2 –Visual mate choice with different information levels
Sixty zebra finches (20 females, 40 males) were assigned to twenty distinct trios. Each female
was subsequently tested under three experimental conditions on one day. The order of the
conditions was randomized across the females. Each experimental condition lasted for 2
hours, during which the female could make her decision (Fig 1B) by occupying perches next to
the screens. After half of the time period had elapsed, the coloured cues were exchanged
between male cages, while the males remained. The experiment included the following three
conditions: (i) The colour cues (red and green, diameter 10 cm) were placed behind the male,
so that they were visible to both females and males; (ii) the coloured cues (diameter 8.5 cm)
were placed in front of the males, and the back of each of the cues was white, so that the colour
cues were visible only to the female (in this condition, the diameter of the coloured cues was
adjusted as the cues were placed closer to the video camera) (Fig 1D); or (iii) the coloured cues
(diameter 10 cm) were placed on the back wall, but no males were present in the cages.
The females were transferred to the choice cage the afternoon before the tests began
and were kept there overnight to acclimate to the novel cage. During this phase, the TFT
screens were switched off. The choice cage had dimensions of 70 x 37 x 47 cm (Fig 1B). Three
neutral perches at different heights were provided at the back of the females’ cages (Fig 1B). A
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recording of a zebra finch colony was played back during the tests. In the front portion of the
cage, in close proximity to the two TFT screens (Eizo Flex Scan HD2442W, 24"), two perches
were put in place (10 cm in length, positioned at a height of 35 cm above the ground; Fig 1B),
each of which was equipped with a light sensor. These perches represented the choice areas,
and the number of hops and the time spent on each perch were recorded via a computer. The
front portion of the test cage was covered with an opaque board from floor level up to a height
of 30 cm. Only the portion from 30–47 cm high was covered with a transparent grid. The TFT
screens were positioned outside the cages at a distance of 50 cm from the perches, at a 30˚
angle from the respective choice perch (Fig 1B). The two TFT screens were directly connected
via HDMI cables to two cameras (Panasonic HDC-SD9) in an adjacent, but acoustically and
visually separated room. The cameras projected only the video image and not the vocalisations
of the males to the respective TFT screens (Fig 1B and 1C). The cameras were placed 1.0 m
Fig 1. Experimental design used in the experiments: a) Female choice related to males in front of an environmental
background with either red or a green colour cues was tested in experiments 1 and 4. The grey-coloured lines in the
graphic represent opaque walls. In experiment 2, a video choice set-up was used. b) Females were located in a test
cage, which had two perches with light barriers. When sitting at one of these perches, the respective screen
became visible to the females, and they could see the males in the cages and the colour spot. c) The male cages
were located in an adjacent isolated room, where live video was recorded, and the images were transferred to the
female cage. d) Three different experimental conditions regarding the colour spots in the male cages were set up: i)
colour spot behind the male, so that it was visible to both the male and female; ii) colour spot in front of the male, so
that only the female could see the colour; and iii) colour spot in a cage without a male being present.
doi:10.1371/journal.pone.0167674.g001
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away from the male cages. The cages of the two stimulus males (Fig 1D) had dimensions of 30
x 40 x 21 cm. The front grid was replaced with a glass slide to enable an optimal video image.
The two male cages were located above each other in two containers that were illuminated
(Megaman 20W) and lined with sound-proof material. With exception of the light in the con-
tainers, the recording room was completely dark. The males did not see any stimulus females
during the recording because the test room was dark, and placing a female in front to the male
would have disturbed the live image. The males were also transferred to the experimental
room the afternoon before the tests started but were kept in separate cages until the experi-
ments began.
Video setups have been previously used to test mate choice paradigms in zebra finches [30–
34], and the use of TFT screens eliminates the image flickering that was a problem with the old
cathode ray tube screens [33,35]. In my video setup, a minimum distance of 40 cm between
the birds and the TFT screens was employed [36] to enable better control of pixilation and
image blurring [35,36].
Experiment 3—Acoustic performance of males associated with colour
cues
For this experiment, I used 20 males and 20 females. I placed one male and one female in two
adjacent cages (20 x 40 x 30 cm) separated from each other by an opaque divider for 15 min-
utes. Thereafter, the divider was removed. Sound was recorded for 25 minutes using a Senn-
heiser ME66/K6 microphone, which was placed outside the cage and directed towards the
male’s cage, and a Marantz PMD 660 recorder. The divider was then reinserted for 15 minutes.
Thereafter, a second 25-minute session was recorded. During each trial, the males had col-
oured cues (diameter 10 cm) at the back of their cage that were either red or green. After the
first 25 minutes of the recording, the coloured cues were replaced by cues of the other colour.
The colour in the first session was alternated between males. The recordings were analysed
using Avisoft 5.2 [37]
Methods for experiment 4—Replication of the first experiment
I used 20 females and 40 males in this experiment. The testing protocol was identical to that of
experiment 1, except that the test cage had slightly different dimensions (125 x 44 x 40 cm).
Measured parameters and statistical analysis
In experiments 1 and 4, female mate choice was measured over a 20-minute period. At every
five-second interval (240 intervals in total), the female’s location was recorded as the perch in
front of the males with the red or green colour cues or the neutral perch. The location where
the female perched is regarded as a proper indicator for her decision [10]. From the sound
recordings in experiment 3, I calculated the song motif rate for the first 5 minutes (i.e., number
of motifs in the 5 minutes after the first motif occurred) and the song motif rate over the entire
25 minutes of the recording; both measures were calculated as motifs per minute.
A female decision was categorized as “1” if she spent more than 50% of the intervals that it
spent in any of the two choice areas (i.e., excluding the intervals in neutral areas) with the red
cue and as “0” if she spent more 50% of the intervals in the choice area with the green cue.
A similar procedure was applied in experiments 2/3, where I determined which background
colour cue was associated with a greater time/song motif rate for each male. Female time/male
singing performance was categorized as “1” when the time/song motif rates were greater in
association with the red colour cues and as “0” when they were greater with the green cues.
This categorization was performed to examine what stimulus was chosen at a rate above 50%
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and, thus, to what stimulus the decision of the focal birds is based on, regardless of the strength
of the decision. Here, I was interested in the overall decisions, rather than the strength of the
decisions (strengths were additionally captured in experiment 2, see below). I analysed female
decisions/male performances using a sign-test with an assumed equal distribution. For the
preferences in experiment 1 and 4, an additional one-sample t-test was conducted to examine
whether the choices deviated significantly from 0.5.
In experiment 2, I additionally recorded the time [s] the females spent on the choice perches
and the number of hops directed towards the perches under every condition. These two
parameters allowed me to examine potential difference in the strength of decisions. For both
measures, the relative choice of the red-coloured cue [(time/hops at the perch where the red
spot was presented)/((time/hops at the perch where the red spot was presented) + (time/hops
at the perch where the green dot was presented))] and the sum of the two parameters as a mea-
sure of how actively the birds were deciding were calculated. The relative time and number of
hops were analysed using linear mixed effect models (LMEs) with individual ID as a random
factor; the experimental conditions (three levels: coloured spots in front of, behind or without
males) and the order of the experimental conditions (three levels) as explanatory factors; and
the female’s age and body mass at the time of testing as covariates. The normality of the resid-
ual distribution was checked using the Kolmogorov-Smirnov-Lilliefors test. The absolute val-
ues of time/hops were compared between the three experimental conditions using Friedman
tests, and in the case of a significant finding, pairwise post-hoc comparisons were performed
using Wilcoxon tests. All tests were calculated with SPSS 22. The raw data from the experi-
ments are available in S1 Table.
Ethical note
All birds remained in the laboratory stock after the end of the experiments. The behavioural
experiments were performed in accordance with the laws of Germany at that time and did not
require specific approval. Housing of the birds was permitted by the local government
(Gesundheits-, Veterina¨r- und Lebensmittelu¨berwachungsamt, Stadt Bielefeld, Germany; #
530.421630–1, 18/04/2002).
Results and Discussion
Experiment 1
In the first experiment, I addressed the question of whether environmental colour cues affect
mate choice decisions of zebra finch females. Females significantly preferred males in front of
a red-coloured cue over those in front of a green cue. Among the 20 tested females, 16 were
perched at the red cue more often; three at the green cue more often; and one female made no
decision (sign test, p = 0.0044; Fig 2A). Although this pattern appeared robust, the preferences
were not very strong; i.e., the females spent on average 56% (± 11% S.D.; mean number of
intervals for red: 134.4 ± 27.3 S.D.) of the intervals with the red colour cue. Testing the propor-
tion of time spent with red against chance level (0.5) revealed a significant preference for red
(one sample t-test, t19 = 2.36, p = 0.029). Thus, although the relative preference strength was
quite weak compared to other two-way mate choice studies (e.g., 71% in [10]), a systematic sig-
nificant shift towards red was observed.
However, these results seem to support the idea that female preference for red-coloured
ornaments is also generalized to environmental cues, independent of the male making use of
such environmental backgrounds. These novel findings could have potentially interesting
implications for the understanding of mate choice decisions of zebra finches and may suggest
that males might profit from courting in the vicinity of coloured environmental cues. At this
Colour Cues and Mate Choice in Zebra Finches
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stage, whether colour ornaments that are not attached to the males’ body but are present in the
near environment a) increase male attractiveness as perceived by females (further examined in
experiment 2) and/or b) lead to a change in male behaviour (further examined in experiment
3) remained an open question. With experiments 2 and 3, I aimed to obtain a more detailed
understanding of how environmental colour cues affect female mate choice and/or male
behaviour.
Experiment 2 –Visual mate choice with different information levels
In this experiment, I used an automated video-based choice paradigm to exclude any other non-
visual cues (i.e., male sounds/odours were excluded). In this test, females could choose between
live video images of two males, but the males were unable to view the females. I added two addi-
tional experimental conditions to the initial conditions of experiment 1; thus, females were
tested in three conditions: (i) The first condition was similar to experiment 1; i.e., a coloured cue
was present behind the male, visible to both females and males. In the second condition (ii) the
coloured cues were located in front of, rather than behind the males; thus, they were visible only
to females. In condition three (iii), only the coloured cues were present (without males) to test
whether the females prefer a colour independent of any male presence and whether male pres-
ence affects reactivity. These three combinations allowed me to assess whether visual cues affect
female preference, male behaviour or both. In contrast to experiment 1, I was unable to replicate
Fig 2. a) Results of experiments: a) Experiment 1: Female choice related to environmental backgrounds with either
red- or green-coloured cues in the environment. Females showed a significant preference for the red-coloured
cues. b) Results of experiment 2 for the condition where the colour cues were presented behind the males: females
showed no preference for the red environmental cues. c) Results of experiment 3: The number of males that sang at
higher rates was not different in association with red- versus green-coloured cues. d) Results of experiment 4: in this
replication of the first experiment, females showed no preference for the red-coloured cues.
doi:10.1371/journal.pone.0167674.g002
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that red environmental colour cues increase the proportion of males chosen by females. In none
of the three experimental conditions did females show a preference for red-coloured cues. Con-
sidering only the absolute choice (red/green), the females showed no significant preference for
red when the coloured cues were placed behind the males (8 chose red, 10 green, 1 no choice;
sign test, p = 0.65; Fig 2B). The females also did not prefer the red cues when the coloured cues
were placed in front of the males, (10 chose red, 9 green, 1 no choice; sign test, p = 1.0). In the
condition in which the coloured cues were presented without males being present, the females
also did not make any choice (8 chose red, 5 green, 7 no choice; sign test, p = 0.58).
Furthermore, a more detailed look in the female decisions revealed that the relative time
females spent at the video with the red-coloured cue was not influenced by the three experi-
mental conditions or by any other parameters (LME: factor experimental condition F2,30.9 =
0.55, p = 0.59; factor order of experiments F2,31.1 = 1.83, p = 0.18; factor female weight at test
F1,13.9 = 0.80, p = 0.39; factor female age at test F1,17.1 = 0.001, p = 0.97; Fig 3A). A similar pat-
tern was found for the number of hops (S1 File). The associations between time and hops and
the consistency of the parameters across trials 1 and 2 are shown in the supplement (S1 File).
Interestingly, the absolute time females spent choosing during the tests differed significantly
between the three conditions (Friedman test, N = 20, df = 2, Χ2 = 16.13, p = 0.0003; Fig 3B).
Post-hoc pairwise comparisons revealed that the overall time spent choosing was significantly
lower in the condition without males than in the conditions in which the coloured spots were
located behind (Wilcoxon test, N = 20, Z = -3.36, p = 0.001; Fig 3B) or in front of the males
(Wilcoxon test, N = 20, Z = -3.02, p = 0.003; Fig 3B). The time spent choosing did not differ
between the two conditions where males were present (Wilcoxon test, N = 20, Z = -0.26,
p = 0.79; Fig 3B). The observation that females spent significantly more time in front of the
video images when a male was present than when no male was present indicated that the
females perceived the males, which is important to interpret the choice decision in the other
contexts, as it indicated that females at least perceived the males in the videos.
Overall, I observed a relatively low strength of female decisions, as throughout the course of
the experiment, the females chose one of the two presented males on the choice perches for
approximately only 5% of the test duration. This low relative choice time might have been due
to the exclusive presentation of visual cues, the relatively long period of testing (6 h), or the
lack of responsiveness of the males to the females. The last alternative might have been the
case, as the males had no visual contact with any stimulus females due to the experimental set-
tings (see Methods).
Fig 3. Parameters assessed in experiment 2: a) the proportion of time the females chose the red compartment
under the three test settings (not different across conditions); and b) the absolute time they spent choosing under
the three test settings (which was significantly different, as indicated by different letters).
doi:10.1371/journal.pone.0167674.g003
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Taken together, the results of experiment 2 provide no support for the idea that environmen-
tal colour cues that are not directly attached to the male body affect female choice behaviour.
Experiment 3 –Acoustic performance of males in the presence of colour
cues
The male song rate was not affected by the different coloured cues in the environment. The
song rate during the first five minutes and during the total duration was higher in six males in
the presence of the red-coloured cue. In eight males, the song rate was higher in the presence
of the green colour cue (sign test, p = 0.79; Fig 2C). Six birds emitted no songs at all. The aver-
age song rate in the first five minutes [throughout the total trial time] was 1.5 motifs/minute ±
2.1 S.D. [0.68 ± 1.1] in association with the red-coloured cues and 1.8 motifs/minute ± 2.2 S.D.
[0.79 ± 1.2] in association with the green-coloured cues. Thus, male singing was not affected
by the coloured cues in the environment.
Experiments two and three provided no further insight nor support for the idea that envi-
ronmental colour cues affect female mate choice decisions because they failed to replicate the
initial findings. This failure might be due to a lack of biological effect or due to differences in
the experimental setting compared with experiment 1. Due to the conflicting results of experi-
ments one versus experiments two and three, I decided to conduct a fourth experiment in
which I repeated experiment 1.
Experiment 4 –Replication of the first experiment
In this replication of experiment 1, females did not prefer males with red-coloured cues in the
environment. Among the 20 tested females, 6 preferred the red-coloured cue, 6 the green, and
8 made no decision (sign test, p = 1.0; Fig 2D). Additionally, as in experiment 1, the relative
strength of choice for red was weak, i.e., the females spent on average 55% (± 43% S.D.; mean
number of intervals for red: 34.5 ± 52.5 S.D.) of the intervals with the red colour cue. When
testing this proportion for red against the chance level (0.5), no significant preference was
found (one sample t-test, t12 = 0.44, p = 0.67). Interestingly, the average relative preference for
red was nearly identical to that in experiment 1 (56%), but the standard error in experiment 4
was 4 times higher than that in experiment 1. Thus, experiment 4 also failed to replicate the
initial effect. In this experiment, a relatively high proportion of females did not make a choice.
However, the proportion of females that chose green was so great that it would not have been
possible to observe a significant preference; even if all of the females that did not make a deci-
sion had chosen red, the p-value of the sign test would have been 0.12.
When pooling the data from experiments one and four, 22 females preferred males with
red-coloured cues, and nine preferred males with green-coloured cues. These pooled data
would lead to significance in the sign test (p = 0.031). However, this pooled result is unduly
influenced by the female choices in experiment 1, as nearly all of the females made a decision
in that experiment. Thus, females from experiment 4 are underrepresented due to the eight
females that did not make a decision. The proportion of birds that made a decision differed sig-
nificantly between experiment 1 (19:1) and experiment 4 (12:8) (Fisher’s exact test, p = 0.02).
Conclusion
Contrary to the initial hypothesis and the findings of experiment 1, the results for the entire
series of four experiments indicate that environmental colour cues that are not directly
attached to the male’s body do not have a repeatable, significant effect on the mate choice
behaviour of female zebra finches. The initial findings failed to be reproduced in three other
experiments. Of course, other biological factors that I did not include here could be
Colour Cues and Mate Choice in Zebra Finches
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responsible for the lack of effect observed in experiments 2, 3 and 4. Although this possibility
cannot be fully ruled out, I detected a significant effect in only one of four experiments. Thus,
from my perspective, the most likely explanation is that the initial finding was a false positive
(type-I error) [38].
Although tests of mate choice in captivity can be only a proxy of natural processes and
depend on the applied testing methods [11], they offer the opportunity to manipulate single
dimensions/cues within the process of mate choice decision making (e.g., [17,20,27]). Experi-
ments 1, 3 and 4 involved live experiments or stimuli, where the birds had access to multi-
modal information on the behaviour of a conspecific, whereas in experiment 2, females had
access to only visual cues from non-stimulated males. Although these males were probably not
courting, the females responded more strongly to them than to video images of empty cages.
Considering this particular limitation within experiment 2, the data provide another piece of
evidence in line with experiments three and four indicating that environmental colouration
does not affect zebra finch mate choice decisions.
Mate choice paradigms appear to be complex with regard to the cues subjects can rely on,
and the repeatability of colour ring effects can be problematic, as demonstrated by another
study [25]. These authors added colour bands (red/green) to zebra finches and failed to repli-
cate earlier results with regard to courtship rates and body mass; furthermore, they showed in
a meta-analysis that overall support from the literature associated with colour bands attached
to males in this context is limited [25]. Here, I found similar patterns, but in a new context,
where artificial ornaments were not attached to the male body. The effects of artificial colour
ornaments on mate choice decisions are not easy to replicate, even within the same laboratory,
as shown in the present study. Thus, results regarding the effects of artificial coloured orna-
ments either attached to the male body (e.g., [17], but see [21]; or [24], but see [25]) or not
attached to the male body but present in the environment require validation before making
clear conclusions based on these findings.
Taken together, my initial hypothesis that environmental colour cues that are not directly
attached to the male body affect female mate choice needs to be rejected on the basis of the
series of four experiments.
Supporting Information
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ters: Is the same choice indicated by the relative amount of time and number of hops?. iii)
Consistency of female choice between trial 1 and trial 2 in each experimental condition in
experiment 2.
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Acknowledgments
Marc Naguib provided help and discussion about the topic and during the first experiment.
Hans-Joachim Bischof provided technical help in preparation of experiment 2. Both Marc
Naguib and Hans-Joachim Bischof provided helpful comments on an earlier version of the
manuscript. Simone Homeier and Kirsten Mu¨ller helped with the data collection in
Colour Cues and Mate Choice in Zebra Finches
PLOS ONE | DOI:10.1371/journal.pone.0167674 December 15, 2016 10 / 12
experiment 1 as part of a student project, and Edda Geissler helped with the data collection in
experiment 2. I also thank reviewers of an earlier version of the manuscript for suggesting to
continue data collection after the first experiments. For this manuscript, I thank three review-
ers for their constructive and helpful comments. I acknowledge support for the Article Pro-
cessing Charge from the Deutsche Forschungsgemeinschaft and the Open Access Publication
Fund of Bielefeld University.
Author Contributions
Conceptualization: ETK.
Data curation: ETK.
Formal analysis: ETK.
Investigation: ETK.
Methodology: ETK.
Resources: ETK.
Visualization: ETK.
Writing – original draft: ETK.
Writing – review & editing: ETK.
References
1. Zann RA. The zebra finch—A synthesis of field and laboratory studies. Oxford: Oxford University
Press; 1996.
2. Griffith SC, Holleley CE, Mariette MM, Pryke SR, Svedin N. Low level of extrapair parentage in wild
zebra finches. Anim Behav. 2010; 79: 261–264.
3. Immelmann K. Experimentelle Untersuchungen u¨ber die biologische Bedeutung artspezifischer Merk-
male beim Zebrafinken (Taeniopygia castanotis Gould). Zool Jahrb Syst. 1959; 86: 437–592.
4. Soma M, Garamszegi LZ. Evolution of courtship display in Estrildid finches: dance in relation to female
song and plumage ornamentation. Front Ecol Evol. 2015; 3: 4.
5. Riebel K. Song and female mate choice in zebra finches: a review. Adv Study Behav. 2009; 40: 197–
238.
6. DeKogel CH, Prijs HJ. Effects of brood size manipulations on sexual attractiveness of offspring in the
zebra finch. Anim Behav. 1996; 51: 699–708.
7. Burley N, Coopersmith CB. Bill color preferences of zebra finches. Ethol. 1987; 76: 133–151.
8. Collins SA, Hubbard C, Houtman AM. Female mate choice in the zebra finch—the effect of male beak
colour and male song. Behav Ecol Sociobiol. 1994; 35: 21–25.
9. Forstmeier W, Birkhead TR. Repeatability of mate choice in the zebra finch: consistency within and
between females. Anim Behav. 2004; 68: 1017–1028.
10. Witte K. Time spent with a male is a good indicator of mate preference in female zebra finches. Ethol
Ecol Evol. 2006; 18: 195–204.
11. Rutstein AN, Brazill-Boast J, Griffith SC. Evaluating mate choice in the zebra finch. Anim Behav. 2007;
74: 1277–1284.
12. Caspers BA, Gagliardo A, Krause ET. Impact of kin odour on reproduction in zebra finches. Behav Ecol
Sociobiol. 2015; 69: 1827–1833.
13. Witte K, Sawka N. Sexual imprinting on a novel trait in the dimorphic zebra finch: sexes differ. Anim
Behav. 2003; 65: 195–203.
14. Burley N, Krantzberg G, Radman P. Influence of colour-banding on the conspecific preferences of
zebra finches. Anim Behav. 1982; 30: 444–455.
15. Witte K, Caspers B. Sexual imprinting on a novel blue ornament in zebra finches. Behaviour. 2006; 143:
969–991.
Colour Cues and Mate Choice in Zebra Finches
PLOS ONE | DOI:10.1371/journal.pone.0167674 December 15, 2016 11 / 12
16. Ritschard M, Riebel K, Brumm H. Female zebra finches prefer high-amplitude song. Anim Behav. 2010;
79: 877–883.
17. Burley N. Sex ratio manipulation and selection for attractiveness. Science. 1981; 211: 721–722. doi: 10.
1126/science.211.4483.721 PMID: 17776654
18. Immelmann K, Hailman JP, Baylis JR. Reputed band attractiveness and sex manipulation in zebra
finches. Science. 1982; 215: 422–422. doi: 10.1126/science.215.4531.422 PMID: 17814958
19. Thissen D, Martin E. Reputed band attractiveness and sex manipulation in zebra finches. Science.
1982; 215: 423.
20. Burley N. Sex-ratio manipulation in color-banded populations of zebra finches. Evolution. 1986; 40:
1191–1206.
21. Rutstein AN, Gilbert L, Slater PJB, Graves JA. Mate attractiveness and primary resource allocation in
the zebra finch. Anim Behav. 2004; 68: 1087–1094.
22. von Engelhardt N, Witte K, Zann R, Groothuis TGG, Weissing F, Daan S, et al. Sex ratio manipulation
in colour-banded populations of zebra finches. In: von Engelhardt N, editor. Proximate control of avian
sex allocation: a study on zebra finches. PhD thesis, University of Groningen, Netherlands;
2004. pp. 13–29.
23. Gil D, Graves J, Hazon N, Wells A. Male attractiveness and differential testosterone investment in
zebra finch eggs. Science. 1999; 286: 126–128. PMID: 10506561
24. Pariser EC, Mariette MM, Griffith SC. Artificial ornaments manipulate intrinsic male quality in wild-
caught zebra finches (Taeniopygia guttata). Behav Ecol. 2010; 21: 264–269.
25. Seguin A, Forstmeier W. No band color effects on male courtship rate or body mass in the zebra finch:
four experiments and a meta-analysis. PLOS ONE. 2012; 7: e37785. doi: 10.1371/journal.pone.
0037785 PMID: 22685545
26. Burley N. Comparison of the band-color preferences of two species of estrildid finches. Anim Behav.
1986; 34: 1732–1741.
27. Burley N. Wild zebra finches have band-colour preferences. Anim Behav. 1988; 36: 1235–1237.
28. Jennions MD. The effect of leg band symmetry on female-male association in zebra finches. Anim
Behav. 1998; 55: 61–67. PMID: 9480672
29. Zanollo V, Griggio M, Robertson J, Kleindorfer S. Males with a faster courtship display have more white
spots and higher pairing success in the diamond firetail, Stagonopleura guttata. Ethology 2013; 119:
344–352.
30. Adret P. Discrimination of video images by zebra finches (Taeniopygia guttata): direct evidence from
song performance. J Comp Psychol. 1997; 111: 115–125.
31. Ikebuchi M, Okanoya K. Male zebra finches and Bengalese finches emit directed songs to the video
images of conspecific females projected onto a TFT display. Zool Sci. 1999; 16: 63–70.
32. Galoch Z, Bischof HJ. Behavioural responses to video playbacks by zebra finch males. Behav Pro-
cesses. 2007; 74: 21–26. doi: 10.1016/j.beproc.2006.09.002 PMID: 17045422
33. Galoch Z, Bischof H. Zebra finches actively choose between live images of conspecifics. Ornithol Sci.
2006; 5: 57–64.
34. Swaddle JP, Mcbride L, Malhotra S. Female zebra finches prefer unfamiliar males but not when watch-
ing noninteractive video. Anim Behav. 2006; 72: 161–167.
35. Fleishman LJ, Endler JA. Some comments on visual perception and the use of video playback in animal
behavior studies. Acta Ethol. 2000; 3: 15–27.
36. Miazzi F. The importance of visual, acoustic and olfactory cues in female mate choice in a monogamous
songbird, the zebra finch (Taeniopygia guttata). M.Sc. Thesis, Universita degli Studi di Pisa. 2012.
37. Specht R. Avisoft SAS-Lab Pro version 5.2. Berlin: Sound Analysis and Synthesis Laboratory, Avisoft
Bioacoustics; 2010.
38. Quinn GP, Keough MJ. Experimental design and data analysis for biologists. Cambridge, UK: Cam-
bridge University Press; 2002.
Colour Cues and Mate Choice in Zebra Finches
PLOS ONE | DOI:10.1371/journal.pone.0167674 December 15, 2016 12 / 12
